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I. INTRODUCTION
Theories in which the gauge group is only a
part of the original global symmetry can undergo a
vacuum (mis)alignment phenomenon via quantum
corrections. In two pioneering papers in the con-
text of technicolor, Peskin [1] and Preskill [2] rec-
ognized that quantum corrections stemming from
the electroweak (EW) sector can destabilize the
original vacuum endangering the EW stability.
Later Kaplan and Georgi [3, 4] turned the tech-
nicolor misalignment problem into a feature by
realising that the Higgs doublet of the Standard
Model (SM) can be identified with a doublet of
dynamically generated Goldstone bosons (GBs).
The final vacuum of the theory depends heavily
on the details of the dynamics responsible for gen-
erating the SM fermion masses which, for purely
fermionic composite extensions, is unknown.
We start with reviewing well-known results in
the composite framework, and then show how
the analysis modifies when considering elementary
scalars. In the elementary case we start from the
general form of the Coleman–Weinberg (CW) ef-
fective potential [5] and then deduce general con-
ditions that, once satisfied, lead to the proper vac-
uum alignment.
The paper is organized as follows: In Sec. II
we review the general framework for composite re-
alizations of the pseudo-Goldstone Higgs scenario
and associated vacuum alignment conditions. The
elementary counterpart is investigated in Sec. III.
There we setup the framework and provide the
general form of the quantum corrections along
with deriving relevant conditions for the vacuum
alignment. We then apply our results to relevant
phenomenological examples in Sec. IV. We finally
conclude in Sec. V.
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II. REVIEW OF THE VACUUM
ALIGNMENT IN COMPOSITE SCENARIOS
Let us consider underlying composite frame-
work with global chiral-symmetry-breaking pat-
tern SO(N) → SO(N − 1). The corresponding
coset space is parameterized by
Σ = exp
(
i
f
ΠaXa
)
E, (1)
where the Πa are the GBs corresponding to the
broken generators Xa, f is the ‘pion decay con-
stant’, and E gives the vacuum orientation inside
SO(N).
A. The gauged subsector and fermion
embedding
Let K ≤ SO(N) be gauged, and assume that
the vacuum alignment E0 preserves K, whereas
EB breaks it maximally to KB. In the following,
we investigate the alignment of the vacuum with
respect to the gauged subgroup K.
To this end, we parameterise E as:
E ≡ Eθ = cos θE0 + sin θEB, (2)
where the angle θ is a priori a free parameter in
the range [0, pi/2].
Let us start by defining the basis with respect
to the gauge-breaking vacuum EB. Let {τa} be
the set of generators of the gauge group K, which
can be divided into the broken, {χa}, and unbro-
ken generators, {σa}. Since E0 preserves the full
gauge group, both σa and χa leave the vacuum
E0 invariant. Furthermore, the unbroken σ
a also
leaves EB invariant, i.e.
σa · E0 = 0, σa · EB = 0,
χa · E0 = 0, χa · EB 6= 0, (3)
where the notation · represents the generators act-
ing on the vacuum. Thus the only non-zero contri-
bution to the gauge boson masses are the χa ·EB
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2terms. Concretely, the gauge boson masses arise
from the kinetic terms
Lkin =f2Tr[(DµΣ)†DµΣ]
= · · ·+ g2f2Tr
[
(χa · Σ)†(χb · Σ)
]
AaµA
b µ,
(4)
where
DµΣ = ∂µΣ− ig Aaµ τa · Σ. (5)
Thus the gauge boson masses are given by
(µ2)ab =g
2f2Tr
[
(χa · Eθ)†(χb · Eθ)
]
=g2f2 sin2 θTr
[
(χa · EB)†(χb · EB)
]
≡g2C(EB)abf2 sin2 θ.
(6)
The C(EB)ab factor encodes the group theoretical
embedding of the gauge group and, as expected,
it depends only on the broken generators.
Furthermore, we assume that the fermions ac-
quire their masses fully from the composite con-
densate via four-fermion operators induced e.g. by
extended strong dynamics, and the induced effec-
tive operators are only invariant under the gauged
subgroup K. This yields the following fermion
masses
mF =
yF√
2
f sin θ. (7)
B. Quantum corrections
Within the composite framework, the leading
corrections (in the EW and fermion-Yukawa cou-
plings) to the effective potential are given by:
V˜eff = V˜
gauge
1 + V˜
ferm
1 , (8)
with
V˜ gauge1 =
3
64pi2
CKTr
[
µ2
]
Λ2, and
V˜ ferm1 = −
4
64pi2
∑
F
CFTr
[
m†FmF
]
Λ2,
(9)
where Λ is identified with the compositeness scale
Λ ∼ 4pif , and CK , CF are the form factors related
to the gauge group K and the fermion F , respec-
tively.
For the SM gauge group, and top quark em-
bedding, the contributions to the potential on the
vacuum read:
V˜ gauge1
∣∣∣
vac
=
3
16
(
3g2Cg + g
′2Cg′
)
sin2 θf4, (10)
V˜ top1
∣∣∣
vac
= −3
2
y2tCt sin
2 θf4. (11)
The gauge contribution has a minimum at θ = 0,
meaning that the gauge sector prefers to be unbro-
ken in agreement with Peskin [1] and Preskill [2].
However, the top sector prefers the minimum to be
at θ = pi/2. This contribution was not considered
in [1, 2] and was analysed only later in recent mod-
els of technicolor and composite-Higgs dynamics,
see e.g. [6, 7]. Given the large top contribution, it
will dominate the potential and try to align the
vacuum in the direction where the electroweak
symmetry is fully broken. This means that in
the composite limit, we need new sources of vac-
uum misalignment to achieve a pseudo-Goldstone-
boson (pGB) Higgs scenario. We will discuss such
a source in the next subsection.
C. Explicit symmetry breaking
To achieve the desired vacuum alignment, one
can add an ad hoc explicit symmetry breaking op-
erator taking the form:
VB = ±CBf4Tr[E†0Σ] = ±CBf4 cos θ+ . . . , (12)
where CB is just a positive dimensionless con-
stant, and the sign depends on whether the trivial
minimum is at θ = 0 (positive sign) or θ = pi/2
(negative sign). Since the minimum without the
explicit-breaking term is at θ = pi/2, a negative
sign is needed to achieve a pGB vacuum.
The method of adding an ad hoc operator is
well known in the literature [7, 8].
III. VACUUM ALIGNMENT WITH
ELEMENTARY SCALARS
We consider an SO(N) invariant scalar poten-
tial for a scalar field Φ:
V0 =
m2
2
Φ†Φ +
λ
4!
(Φ†Φ)2. (13)
If m2 is negative SO(N) breaks spontaneously to
SO(N −1) leaving behind N −1 GBs. We param-
eterise the scalar field as
Φ = (σ + iΠaXa)E, (14)
where Πa are the GBs corresponding to the bro-
ken generators Xa, and E gives the vacuum align-
ment. The gauging of the subgroup K and
adding fermion-Yukawa interactions breaks the
global symmetry explicitly, and thus an interest-
ing part of the dynamics arises via quantum cor-
rections. For N > 4, it is always possible to de-
compose the N multiplet into a 4 of the SO(4) ∼=
3SU(2)L × SU(2)R and N − 4 singlets. The EW
interactions are embedded in such a way that the
SO(4) is a subgroup of the unbroken SO(N − 1).
In this way the electroweak symmetry is intact at
tree-level, and the Higgs doublet is massless.
A. The gauged subsector
Similarly as in the composite framework,
Sec. II, we gauge K ≤ SO(N) by introducing the
covariant derivative
DµΦ = ∂µΦ− ig Aaµ τa · Φ, (15)
and parameterise the vacuum as in Eq. (2), E ≡
Eθ = cos θE0+sin θEB, where E0 preserves K and
EB breaks it to KB. Thus, when Φ acquires a vev,
〈Φ〉 = fE, the gauge bosons obtain masses
(µ2)ab =g
2C(EB)abf
2 sin2 θ. (16)
The C(EB)ab factor encodes the group theoretical
embedding of the gauge group as in the composite
case.
B. Adding fermions
For simplicity, we consider the usual SM-type
fermions, i.e. a Yukawa sector invariant only un-
der the gauge group K and not the full global
symmetry. Further, we assume that the fermions
obtain their masses fully via the vev of Φ. Then,
we can write the fermion mass-squared matrix as(
m†m
)
ab
= y2D(EB)abf
2 sin2 θ. (17)
Also in this case the factor D(EB)ab contains in-
formation about the fermion embedding and is in-
dependent of the angle θ.
C. The Coleman–Weinberg potential and the
renormalisation procedure
To illustrate the different UV structure and
to relate to the composite case, let us first write
down the one-loop effective potential regulated
with hard cut-off, Λ:
V1(ϕ) =
1
64pi2
Str
[
Λ4
(
log Λ2 − 1
2
)
+ 2M2(ϕ)Λ2 (18)
+M4(ϕ)
(
log
M2(ϕ)
Λ2
− 1
2
)]
+ c.t. ,
where ϕ is the background choice, and M(ϕ) is
the tree-level mass matrix evaluated on the given
background. The supertrace is defined as
Str ≡
∑
scalars
−2
∑
Weyl fermions
+3
∑
vectors
. (19)
In the composite framework with a physical
cut-off, the leading contributions to the effective
potential, below the cut-off, are of the same form
as the second term in Eq. (18). In the renormal-
izable framework, we cancel these divergent con-
tributions via counter terms, and the dominant
contribution assumes the form of the last term in
squared brackets of Eq. (18). We choose to work
in the MS scheme in which the one-loop CW po-
tential can be written as
Veff = V0 + V
scalar
1 + V
gauge
1 + V
fermion
1 , (20)
with
V scalar1 =
1
64pi2
Tr
[
M4(ϕ)
(
log
M2(ϕ)
µ20
− 3
2
)]
,
V gauge1 =
3
64pi2
Tr
[
µ4(ϕ)
(
log
µ2(ϕ)
µ20
− 5
6
)]
,
(21)
V fermion1 =−
4
64pi2
Tr
[(
m†(ϕ)m(ϕ)
)2
×
(
log
m†(ϕ)m(ϕ)
µ20
− 3
2
)]
,
whereM(ϕ), µ(ϕ), andm(ϕ) are the background-
dependent scalar, gauge boson, and fermion mass
matrices, respectively.
We fix the renormalisation scale such that the
vev remains at the tree-level value, i.e. the one-
loop tadpole contributions in the σ direction van-
ish,
∂(V scalar1 + V
gauge
1 + V
fermion
1 )
∂σ
∣∣∣∣
σ=f
= 0. (22)
D. The scalar and gauge contributions
The background-dependent masses of σ and
the gauge bosons, respectively, read
M2σ =
λ
6
(3σ2 − f2),
(µ2)ab = g
2C(EB)abσ
2 sin2 θ.
(23)
4Thus, in the σ direction
V scalar1 =
1
64pi2
(
λ
6
(3σ2 − f2)
)2
×
[
log
λ(3σ2 − f2)
6µ20
− 3
2
]
,
(24)
V gauge1 =
3g4
64pi2
σ4 sin4 θ
×
[
A log
g2σ2 sin2 θ
µ20
+B
]
,
where
A = Tr[C(EB)
2] and
B = Tr
[
C(EB)
2
(
logC(EB)− 5
6
)]
.
(25)
Fixing the renormalisation scale using Eq. (22)
leads to
logµ20 =
1
18Ag4 sin4 θ + λ2
×
[
9g4 sin4 θ
(
2A log(g2f2 sin2 θ)
+A+ 2B) + λ2 log
λf2
3e
]
.
(26)
Substituting this in Eq. (20), we get the renor-
malised effective potential, V Reff .
E. The vacuum structure
The vacuum energy depends on the angle θ.
Therefore, to find the true minimum, we need to
further minimize with respect to θ, i.e.
∂V Reff
∂θ
∣∣∣∣
σ=f
= 0. (27)
This yields the following condition:
0 =
−g4f4 sin3 θ cos θ
32pi2
(
18Ag4 sin4 θ + λ2
)2
×
[
972A3g8 sin8 θ + 90A2g4λ2 sin4 θ
−λ4
(
2A log
3g2 sin2 θ
λ
+A+ 2B
)]
.
(28)
The potential has trivial critical points at θ = 0
and θ = pi/2. Studying the second derivative, we
find that the critical point at θ = 0 is a maximum,
and θ = pi/2 is a minimum.
In this work, we are mainly interested in
whether it is possible to determine a non-trivial
minimum without adding further ingredients to
the model. This can only exist, if
f(θ) = 0, (29)
where we defined
f(θ) ≡ 972A3g8 sin8 θ + 90A2g4λ2 sin4 θ
− λ4
(
2A log
3g2 sin2 θ
λ
+A+ 2B
)
.
(30)
We find that f(θ) has a minimum at θ¯ for which
sin4 θ¯ =
λ2
108Ag4
, (31)
and at this minimum
f(θ¯) =
1
12
λ4 [12A log(12A)−A− 24B] . (32)
In order to have a non-trivial minimum for the
model, Eq. (30) has to be zero for some value of
θ. Since f(θ) → ∞ as θ → 0 this is only possi-
ble if f(θ¯) < 0. Thus, we obtain a condition for
the desired minimum depending only on the gauge
group structure:
12A log(12A)−A− 24B < 0. (33)
We obtain more insight if we write down A and
B in the mass eigenbasis of the gauge bosons. To
this end, we write
C˜(EB)ab =
(
U−1C(EB)U
)
ab
≡ caδab. (34)
Then,
A =
∑
a
c2a, and
B =
∑
a
c2a
(
log ca − 5
6
)
,
(35)
and
12A log(12A)−A− 24B
=
∑
a
[
12c2a log
(∑
b
12c2b
)
− c2a
−24c2a
(
log ca − 5
6
)]
=
∑
a
12c2a log
12
1 +∑
b6=a
c2b
c2a

+ 19c2a
 .
(36)
5All the terms in the sum are positive, so we con-
clude that the condition of Eq. (33) can never be
fulfilled, and thus there is no solution with non-
vanishing vacuum alignment.
There is still one possible caveat to be checked:
If λ2 > 108Ag4, Eq. (31) does not have a solution,
and we have to see whether f(pi/2) can be negative
in this case. To do that, let λ = αg2
√
108A with
α > 1. Then
f
(pi
2
)
=972A2g8
[
α4 (12A log(12A)−A− 24B)
+A
(
12α4 logα2 − 11α4 + 10α2 + 1)] ,
(37)
where the first line is positive by Eq. (36) and the
second line is always non-negative for α > 1 (and
zero at α = 1). Therefore the previous conclusion
holds.
F. The fermion contribution
The same procedure used in the previous sec-
tion can be applied, without loss of generality, to
the Yukawa sector and in particular to the top
quark. We define, similarly to the gauge boson
sector:
Af = Tr[D(EB)
2] and
Bf = Tr
[
D(EB)
2
(
logD(EB)− 3
2
)]
,
(38)
such that we can write the combined gauge and
fermion contributions as
V gauge1 + V
ferm
1 =
3g4
64pi2
σ4 sin4 θ
[
A˜ log
g2σ2 sin2 θ
µ20
+ B˜
]
,
(39)
where we set
A˜ = A− 4y
4
3g4
Af and
B˜ = B − 4y
4
3g4
Bf − 4y
4
3g4
Af log
y2
g2
.
(40)
This shows that we get the same condition for non-
trivial solution as in Eq. (33) for A˜ and B˜, if A˜ >
0. However, in this case there is also the possibility
to have negative A˜. Then, following the procedure
in the previous section, we obtain
A˜ log(−2A˜)− 3A˜− 2B˜ > 0. (41)
The regions where these conditions are fulfilled in
the (A˜, B˜) plane are shown in Fig. 1. We note
★SM
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FIG. 1. The figure shows the parameter space of the
theory allowing for a pseudo-Goldstone Higgs vacuum
solution (shaded region) occurring for 0 < θ < pi/2.
The plot is obtained in the minimal scenario with only
the σ field and the one loop contributions coming from
the gauge and the fermion sectors. The star represents
the SM embedding in this scenario, with the three mas-
sive gauge bosons and the top mass, see Sec. IV for
details.
that in the case of dominant fermion contributions
(or neglecting gauge contributions), as in the SM-
like gauge–fermion(top) sector, it is not possible
to find a non-trivial solution. Different gauge–
fermion realisations are not discussed in this work.
In the following section, we will show, using the
simplest elementary SO(5) → SO(4) framework,
that it is possible to stabilize the vacuum at a
non-vanishing value of θ by extending the scalar
sector with a gauge singlet field. In this case no
explicit breaking terms are needed. Alternatively
one can still add explicit symmetry breaking terms
to stabilize the vacuum for a non-vanishing θ.
IV. THE SO(5)→ SO(4) ELEMENTARY
TEMPLATE
The simplest breaking pattern enabling to em-
bed the entire Higgs doublet of the SM as GB
is SO(5) → SO(4). This breaking pattern pro-
duces four GBs and it has been extensively used in
composite Higgs models, first considered in [9, 10].
Here we are interested in elementary scalar degrees
of freedom where the underlying scalar potential
is renormalisable. We emphasize that our treat-
ment is different from that of [11], since we con-
sistently calculate the full one-loop potential, and
determine the vacuum alignment based on these
corrections.
6Here and in the following, Xa and Sa are re-
spectively the broken and unbroken generators
normalized as Tr(SaSb) = Tr(XaXb) = 2δab,
Tr(SaXb) = 0 (the explicit expressions for the
SO(5) generators can be found in Appendix A).
We again identify the vacuum of the theory as
a superposition of a vacuum preserving the EW
group, E0, and a vacuum, EB, which breaks the
EW group SU(2)L × U(1)Y → U(1)Q as Eθ =
cos θE0 + sin θEB, where the two vacua can be ex-
plicitly written as
E0 = (0, 0, 0, 0, 1)
T , EB = (0, 0, 1, 0, 0)
T . (42)
We parameterise the SO(5) scalar multiplet simi-
larly as in Eq. (14), Φ = (σ + iΠaXa)Eθ.
The masses for the W± and Z bosons are:
µ2W =
1
4
g2f2 sin2 θ,
µ2Z =
1
4
(g2 + g′ 2)f2 sin2 θ.
(43)
Therefore, in order to produce the correct EW
spectrum, we identify
v2w = f
2 sin2 θ. (44)
Finally, we couple the top quark to the left doublet
of Φ such that the top quark acquires a mass
mt =
1√
2
ytf sin θ. (45)
Both the gauge bosons and fermions masses are
proportional to f sin θ.
A. Quantum corrections
The quantum corrections are given in Eqs. (23)
and (39) where A˜ and B˜ now are
A˜ =
1
16
[
2 +
(
1 +
g′ 2
g2
)2]
− y
4
t
g4
,
B˜ =
1
16
[(
1 +
g′ 2
g2
)2(
log
g2 + g′ 2
4g2
− 5
6
)
−5
3
− 4 log 2
]
+
y4t
g4
(
3
2
+ log 2
)
− y
4
t
g4
log
y2t
g2
.
(46)
Making use of the SM values for the gauge and
Yukawas couplings, we obtain:
A˜ ≈ −5.2, B˜ ≈ 6.9. (47)
Note that this coincides with the star in Fig. 1,
showing that the EW does not break in this case,
and it further illustrates the usefulness of the gen-
eral results presented in the previous Section.
B. Vacuum stabilization mechanisms
As shown above, for the SM gauge and fermion
embeddings, the vacuum is never stabilized for a
θ away from 0. In the following, we present an al-
ternative mechanism for stabilising the vacuum in
the elementary framework such that a pGB Higgs
appears without adding further explicit symmetry
breaking operators: We extend the theory with a
singlet scalar state. We will see that the vacuum
dynamically orients itself in a direction support-
ing a pGB Higgs with non-vanishing value of θ.
Alternatively, we could choose to break explicitly
the SO(5) symmetry to SO(4) via a minimal oper-
ator that forces the vacuum to align in the desired
direction. We will briefly discuss this alternative
after discussing the singlet-scalar case.
1. Adding a singlet
In the following, we show that it is possible to
have a dominantly pGB Higgs with mass 125 GeV
by adding a scalar singlet S to the theory. For sim-
plicity, we take this new scalar to be Z2 symmetric
and real. The scalar potential then reads:
V0 =
1
2
m2Φ†Φ +
1
2
m2SS
2
+
λ
4!
(Φ†Φ)2 +
λσS
4
(Φ†Φ)S2 +
λS
4!
S4.
(48)
The stability of the potential requires:
λ ≥ 0, λS ≥ 0 and 3λσS +
√
λλS ≥ 0 . (49)
Assuming for simplicity that S does not acquire
a vev, the background-dependent mass of the new
scalar S reads
M2S(σ) =m
2
S +
λσS
2
σ2. (50)
The singlet contributes to the one-loop effective
potential with a term
V S1 =
1
64pi2
M4S(σ)
(
log
M2S(σ)
µ20
− 3
2
)
. (51)
We then fix the renormalization scale similarly as
in Eq. (22) and minimize again the vacuum energy
with respect to the alignment angle, θ. Finally, we
search for solutions for θ ∈ (0, pi/2). To this end,
it is convenient to express the physical mass of S
as MS = βMσ. Then the function f(θ) modifies
to:
7f(θ) =972A˜3g8 sin8 θ
+ 18A˜2g4λ sin4 θ
(
5λ+ 2β4λ+ 3β2λS
)
+ 2λ2
(
λ+ β2λS
) (
2β4λ− λ− 3β2λS
)
×
(
B˜ + A˜ log
3g2 sin2 θ
λ
)
(52)
+ A˜λ2
[(
λ+ β2λS
) (
8β4λ− λ− 9β2λS
)
+2β2λS
(
λ− 2β4λ+ 3β2λS
)
log β2
]
,
where λ is proportional to the mass squared of σ,
λ = 6M
2
σ
f2
. Finding a vacuum requires f(θ) to van-
ish under the constraints that the Higgs mass is
properly reproduced. This leaves us with two free
parameters besides θ (in addition to λS which does
not affect the vacuum alignment and the Higgs
mass constraint) which we choose to be the tree-
level masses of σ and S, Mσ and MS , respectively.
We further fix the mass of S to 0.5Mσ or 2Mσ
as benchmark values. The parameter space is fur-
ther constrained by the requirement of (tree-level)
vacuum stability and perturbativity of the quartic
couplings (λ 4pi). We show the results in Fig. 2.
We observe that along the continuous red line in
the Mσ − θ space, there is a ground state. It is
useful to note that using Eqs. (23) and (44), one
roughly expects Mσ ∝
√
λ/ sin θ on the ground
state. In addition, we require overall stability of
the potential expressed in Eq. (49). It is clear
that for small or negative λσS , one needs to have
a sufficiently large λS , as it is clear from the top
panel of Fig. 2. We are guaranteed that the overall
solution occurs for perturbative values of λ since
large values of this coupling (the light blue region
in the top corner of the plots) do not admit a
ground state. The same analysis is repeated for
MS = 2Mσ in the bottom panel of Fig. 2.
The numerical result shows that the introduc-
tion of a singlet, dynamically misaligns the vac-
uum to a value of θ 6= 0.
Last, it is instructive to investigate the decou-
pling limit for the singlet S, i.e. MS  v. In this
limit we obtain:
sin2 θ =λσS
v2w
(
3A+ 2B + 2A log
g2v2w
M2S
)
4M2S
(
2A+B +A log
g2v2w
M2S
)
+O
(
(f/MS)
4
)
.
(53)
As expected in the exact decoupled limit the EW
symmetry remains intact. For finite values of the
S mass the portal coupling is directly responsible
for a non-vanishing vacuum value of θ. In this
sense, this mechanism has a dynamical origin.
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Unstable, λS = 10
Unstable, λS = 1
MS = 0.5 Mσ
0.00 0.05 0.10 0.15 0.20 0.25 0.30
1000
1500
2000
2500
θ
M
σ[Ge
V
]
λ > 10
Unstable, λS = 10Unstable, λS = 1
MS = 2 Mσ
0.00 0.05 0.10 0.15 0.20 0.25 0.30
800
1000
1200
1400
1600
1800
θ
M
σ[Ge
V
]
FIG. 2. The red curve gives the minimum with respect
to θ, and yellow (blue) area is excluded by tree-level
vacuum stability (perturbativity). We fix respectively
MS = 0.5Mσ (β = 0.5) and MS = 2Mσ (β = 2) in the
upper and lower panels.
2. Explicit symmetry breaking
Adding an ad hoc explicit symmetry-breaking
term can be done similarly as in the composite
case by adding the operator of the form:
VB = ±CBf3E†0Φ, (54)
where CB is again a positive dimensionless con-
stant. Contrary to the composite case, we are now
interested in moving the minimum away from zero,
so the ad hoc operator has to be positive. In the
σ background, VB reads
VB = CBf
3σ cos θ. (55)
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FIG. 3. The plot shows the stationary points of the
potential with respect to θ (blue solid curve) when the
explicit symmetry-breaking term, VB , is introduced.
The coloured region corresponds to positive CB and
the colour gradient indicates the value of log10 CB .
Imposing the correct mass of the Higgs and
minimizing the full potential as previously, we find
that there are now solutions for θ different from
zero. In Fig. 3 we plot the solution of the min-
imum of the potential with respect to θ as func-
tion of θ and of the mass of the heavy state σ,
Mσ. The coloured region of the plot corresponds
to positive CB and the colour gradient indicates
the value of log10CB. From the plot we can see
that for Mσ > 500 GeV, the value of θ is smaller
than 0.25. We observe also that Mσ and θ are
inversely proportional.
C. Minimal elementary Goldstone Higgs and
dark matter: SU(4) ∼= SO(6)→ Sp(4) ∼= SO(5)
This scenario was studied in detail in [12, 13];
here we just summarise the main results. The
breaking pattern is achieved with a scalar mul-
tiplet, M , transforming under 6A of SU(4). How-
ever, since 6A is real, and the breaking pat-
tern is locally isomorphic to SO(6) → SO(5),
we know that non-trivial vacuum alignment can-
not be achieved with minimal scalar degrees of
freedom. However, we can start from the six-
dimensional complex representation of U(4) and
break the U(4)-invariant potential to SU(4) by in-
troducing Pfaffian terms. This gives 12 scalar de-
crees of freedom and the spectrum consists of two
Sp(4) singlets, σ and its pseudoscalar partner Θ,
and two Sp(4) quintuplets, the pions Πi and their
(massive) scalar partners Π˜i.
The left and right generators of SU(2)L ×
SU(2)R embedded in the SU(4) are identified with
T iL =
1
2
(
σi 0
0 0
)
, T iR =
1
2
(
0 0
0 −σTi
)
, (56)
where σi are the Pauli matrices. The generator of
the hypercharge is then identified with the third
generator of the SU(2)R group, TY = T
3
R. Further,
the vacuum that leaves EW intact is given by1
E0 =
(
iσ2 0
0 −iσ2
)
, (57)
while the alignment that breaks the EW symmetry
to U(1)Q is given by
EB =
(
0 1
−1 0
)
. (58)
Following the discussion in the previous sections,
we define the vacuum of the theory following Eq.
(2) such that E†θEθ = 1. The EW group is gauged
by introducing the covariant derivative
DµM = ∂µM − i
(
GµM +MG
T
µ
)
, (59)
where
Gµ = gW
i
µT
i
L + g
′BµT 3R , (60)
and the generators T iL and T
3
R are given by
Eq. (56). When σ acquires a vacuum expectation
value, f , the weak gauge bosons acquire masses
m2W =
1
4
g2f2 sin2 θ, and
m2Z =
1
4
(g2 + g′2)f2 sin2 θ.
(61)
Further, we couple the SM fermions, in particular
the top quark, to the EW doublet within M . The
Yukawa term is then given by [6]
LYuk = yt(Qtc)†αTr[PαM ] + h.c., (62)
where P1,2 pick the components of the SU(2)L dou-
blet. The top quark then acquires the following
mass:
mt =
yt√
2
f sin θ. (63)
In the simplest case, where all the massive
scalars have equal tree-level masses, the vacuum
1 As discussed in [6], there are actually two inequivalent
vacua of this kind, but with either choice, the physical
properties of the pGBs are the same.
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FIG. 4. The blue contour shows the stationary points
with respect to θ, and on the blue regions the sec-
ond derivative with respect to θ is positive, so the blue
contour on a blue region represents a minimum. The
red contour represents the points giving the correct
EW gauge boson and top quark masses. For details,
see [12].
alignment depends on one effective quartic cou-
pling, λ˜, and we find phenomenologically viable
solutions with θ  1, i.e. f being in the multi-
TeV range [12, 13]. Furthermore, the DM candi-
date can account for the full observed DM abun-
dance, and be consistent with the experimen-
tal constraints in the region mDM > 125 GeV.
A benchmark scenario for the vacuum alingment
with λ˜ = 0.1 is shown in Fig. 4.
In practice the dynamics, for this example, is
similar to the case in which we added a singlet
state. In other words the potential of the theory
is sufficiently rich to allow for a ground state with
a non-vanishing θ.
V. CONCLUSIONS
We have investigated the vacuum alignment
problem in renormalizable extensions of the SM
that can feature a pGB Higgs. We have shown
that the structure of the calculable radiative cor-
rections differs from the composite-Goldstone-
Higgs paradigm yielding different ways in which
the vacuum stabilization mechanisms work. We
provided sufficiently general conditions showing,
for example, that renormalizable theories with a
single massive scalar singlet cannot radiatively
stabilize the vacuum. However when generalizing
the theory by including at least one more mas-
sive scalar state, the vacuum can be made stable
without the aid of other mechanisms such as the
introduction of new global-symmetry-breaking op-
erators often invoked in composite extensions. We
then applied our results to phenomenologically rel-
evant examples.
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Appendix A: SO(5)/SO(4) generators
We first identify the SU(2)L×SU(2)R subgroup
of SO(5) by fixing the left and right generators as
(TL,R)
a
ij = −
i
2
[
1
2
abc
(
δbi δ
c
j − δbjδci
)
± (δai δ4j − δaj δ4i )] , (A1)
where a = 1, 2, 3 and i, j = 1, . . . , 5. The genera-
tor T 3R is then identified as the generator of hyper-
charge. We list here the SO(5) generators adopted
in this work.
X1ij =− i
[
sin θ
(
δ1i δ
3
j − δ3i δ1j
)
+ cos θ
(
δ1i δ
5
j − δ5i δ1j
)]
,
X2ij =− i
[
sin θ
(
δ2i δ
3
j − δ3i δ2j
)
+ cos θ
(
δ2i δ
5
j − δ5i δ2j
)]
,
X3ij =− i
[− sin θ (δ3i δ4j − δ4i δ3j )
+ cos θ
(
δ4i δ
5
j − δ5i δ4j
)]
,
X4ij =− i
(
δ3i δ
5
j − δ5i δ3j
)
.
(A2)
The generators are normalised such that
Tr[XaθX
b
θ ] = 2δ
ab.
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